Tenofovir disoproxil fumarate (TDF), the first nucleotidic inhibitor of HIV reverse transcription, became available in 2001. It has been extensively used worldwide and is now the most prescribed antiretroviral (ARV) drug. Its high antiviral activity and favorable metabolic profile are responsible for its success. Furthermore, TDF has been associated with other ARVs to form new combined antiretroviral treatments in only one tablet once-a-day, which increases treatment adherence. Fears of potential nephrotoxicity that tenofovir would have in common with two other drugs from the same family (adefovir, used to treat hepatitis B, and cidofovir, used to treat cytomegalovirus infections) were alleviated by the early clinical trials. Yet, in 2001, the first case of TDF-induced acute nephrotoxicity was published. Numerous cases have been published since then, and it is now established that TDF presents a tubular toxicity risk. Some facilitating factors have been identified, such as coprescription of didanosine or boosted protease inhibitor, preexisting CKD, low body weight, and associated diabetes mellitus. Conversely, whether TDF is nephrotoxic in the long term is a highly debated question. Some studies suggest a decreased GFR when TDF is prescribed for a long period, while others indicate that TDF is safe for the kidneys even after many years of use. Here we review the differences in patient characteristics, study designs, and measured outcomes that can possibly explain these conflicting findings. We conclude with rational recommendation for appropriate TDF prescription.
Tenofovir disoproxil fumarate (TDF) is the only available nucleotidic reverse transcription inhibitor. It is the prodrug of tenofovir diphosphate, a structural analogue of deoxy-ATP. It halts DNA synthesis from the RNA-dependent DNA polymerase of HIV and is a weak inhibitor of host cell a and b DNA polymerases and of mitochondrial g DNA polymerase. 1, 2 TDF was approved by the U.S. Food and Drug Administration (FDA) in October 2001 and has been widely used worldwide since then. Many countries have included it in their list of recommended first-line drugs for the treatment of HIV infection. It has been the most widely prescribed antiretroviral molecule since 2006 in the United States, and more than half of all treated patients living with HIV/AIDS are taking a tenofovir-containing regimen. 3 In addition, tenofovir activity on human hepatitis B virus (HBV) is higher than that of adefovir. 4 TDF is now indicated in the treatment of chronic HBV infection 5 and is the drug of choice for HIV/HBV-coinfected patients.
The knowledge that has been accumulated on TDF is substantial (a recent publication refers to .450,000 person/ years 6 ), and it is a safe and highly effective drug. However, publications concerning its renal safety are still ambiguous. There may be a gap between what is observed in clinical trials and real life. 7 Here we offer a basis to explain this seeming paradox.
TDF-INDUCED KIDNEY INJURY

Tubular Toxicity
The first published case of acute tubular toxicity due to TDF consisted of both a proximal tubular injury with the combination of Fanconi syndrome and acute renal failure (ARF) and a distal tubular injury in the form of nephrogenic diabetes insipidus. 8 The Fanconi syndrome was comprehensive and comprised metabolic acidosis with normal plasma ion gap, hypophosphatemia, hyperphosphaturia, hypokalemia, hypouricemia, urinary tubular protein waste, glycosuria with normal blood glucose, and aminoaciduria. Kidney biopsy showed extensive acute tubular necrosis with vacuoles in the proximal epithelial cells, brush cell effacement, and an unusual apical localization of the cell nuclei. All biologic measures returned to normal within a few months after TDF withdrawal.
This first case encapsulates all potential acute tubular toxicity with TDF. At least a dozen other case reports have been published since then, combining some or all of the abnormalities described in the original case. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] One hundred sixtyfour complete or partial cases of TDFinduced Fanconi syndrome occurring between 2001 and 2006 have been retrospectively analyzed using the FDA reported adverse effects registry. 24 Men were affected in 78% of the cases, at an average age of 46 years. Associated antiretroviral drugs (ARVs) played a prominent role, as 74% of the patients were also prescribed a ritonavir-boosted protease inhibitor (PI), mostly ritonavir-boosted lopinavir. Didanosine was also abundantly co-prescribed (43%). One third of the patients were treated with TDF, didanosine (DDI), and ritonavir/lopinavir. Dialysis was required transiently in 2% of the patients, and 2% died of a cause possibly related to their Fanconi syndrome.
ARF
In some instances of proximal tubulopathy, ARF from tubular necrosis ensues as the consequence of the tubular damage.
Kidney function improves in the months following TDF withdrawal, but it does not always revert completely. In a study of 24 patients who stopped TDF treatment because of ARF, only 42% recovered their initial kidney function. 25 Estimated GFR (eGFR) was 10 ml/min lower several months after TDF withdrawal than before treatment (P=0.03). The patients whose kidney function improved by .20 ml/min after stopping TDF had faster kidney decline at the time of ARF, were more frequently prescribed a PI, and had been treated with TDF for a shorter period than the patients whose function improved by ,20 ml/min. Conversely, pretreatment kidney function, lowest kidney function during the ARF episode, the proportion of DDItreated patients, and HIV viral load were similar between the two groups.
A meta-analysis including eight studies and 7496 patients showed that the risk for ARF was 0.7% higher (95% confidence interval [CI], 0.2 to 1.2) in TDFtreated patients than in patients receiving combined antiretroviral treatment (cART) without TDF. 26 Chronic Renal Failure Whether long-term use of TDF is detrimental to kidney function is also highly debated. On the one hand, TDF certainly represents a risk for incompletely reversible acute tubular damage. On the other, numerous studies show that long-term use of TDF is safe for the kidneys. 6, [27] [28] [29] [30] [31] [32] [33] [34] However, these latter studies usually have an optimistic interpretation of results. In some instances, it was concluded that TDF is safe despite a slight but significant decline in kidney function as early as mid-term use. In others, kidney injury was said to be a rare adverse effect even though it affected 1%-5% patients. Three studies concluded that long-term use of TDF results in declining kidney function (Table 1) . [35] [36] [37] The deterioration in kidney function can be as low as 13.3 ml/min per 1.73 m 2 after 1 year of treatment in TDF-treated groups. 35 A Brazilian transversal study of 213 consecutively recruited patients over a 6-month period showed that prevalence of CKD was 8% in TDF-treated patients who had a 2.25 times higher risk of developing CKD than non-TDF-treated patients (95% CI, 1.02 to 4.95). 38 A meta-analysis using 11 studies to estimate chronic nephrotoxicity associated with TDF therapy 26 included 5767 patients treated for a mean of 48 weeks (range, 24-144 weeks). TDF-treated patients experienced a decrease in estimated creatinine clearance (CockcroftGault formula) of 3.92 (95% CI, 2.13 to 5.70) ml/min per 1.72 m 2 compared with non-TDF-treated patients. 26 The difference in kidney function between TDF-treated and nontreated patients was qualified as moderate by the authors.
One has to keep in mind the relatively short treatment period in the included studies (,1 year on the average). Patients can receive TDF for several decades. On the contrary, a loss of kidney function of about 4 ml/min per 1.72 m 2 per year appears quite significant. This is similar to what is observed in polycystic kidney disease or Fabry disease. 39 In comparison, normal kidney function declines because of aging at 0.4 ml/min per year. 40 However, whether decay of kidney function after a year of TDF treatment continues with the same rate, continues with a slower rate, or stops and remains stable after an initial decline is largely unknown.
Two recent studies have addressed this question. A retrospective cohort compared .6500 TDF-exposed patients with 4000 nonexposed patients between 1997 and 2007 (38,132 person-years of follow-up; median follow-up .3.9 years). 41 The hazard ratios for proteinuria (two consecutive dipsticks showing proteinuria .30 mg/dl), rapid decline in kidney function (eGFR decline .3 ml/ min per year using Modification of Diet in Renal Disease equation), or CKD (eGFR ,60 ml/min), were 1.30, 1.17, and 1.44 per year of TDF exposure, respectively (95% CI, 1.22 to 1.37, 1.11 to 1.24, and 1.30 to 1.60, respectively). Patients ever exposed to TDF had more than twice the risk of CKD (eGFR , 60 ml/min; 95% CI, 1.76 to 2.54 ml/min). The risk of renal events did not decrease after TDF withdrawal during the study period. In a very similar study, the risk of progression from CKD stage 0-1 to stage 2 or 3 was higher in naive patients exposed to TDF than in TDF-free patients (48.8% versus 23.7%, P,0.001 for CKD stage 2; 5.8% versus 0.0%, P=0.03 for CKD stage 3). 42 Tenofovir treatment was the only independent factor associated with progression to CKD stage 2 (hazard ratio, 2.12; 95% CI, 1.41 to 3.18) and to CKD stage 3 (hazard ratio, 4.91; 95% CI, 1.02 to 23.7).
The meta-analysis found substantial statistical heterogeneity between studies (I 2 =66%), and only 6 of the 11 studies in the meta-analysis found declining kidney function during TDF treatment. 26 Heterogeneity reflected differences in study design; kidney function decline was lower in the intention-to-treat studies, in the studies that systematically reported adverse effects, and in randomized clinical trials (RCTs). This last observation is extremely important and probably explains most of the discrepancies observed in literature. Most of the studies concluding that TDF is nephrotoxic are case-control studies or retrospective cohort studies. In contrast, prospective RCTs usually conclude that TDF is safe in the long run. In the meta-analysis, loss of kidney function in TDF-treated patients was 1. ). This corresponds to a mean difference in kidney function loss of 4.32 ml/min between RCTs and cohort studies (95% CI, 2.15 to 6.49 ml/min).
Some of the heterogeneity in the meta-analysis was also due to pre-TDF treatment. Kidney function loss was inferior in treatment-naive patients for whom TDF was part of the initial cART (2.5 ml/min per 1.72 m 2 ) than in treatment-experienced patients (5.15 ml/min per 1.72 m 2 ). There was also a nonsignificant trend toward a smaller decline in kidney function in pharmaceutical company-funded studies than in independent studies.
Finally, this meta-analysis found that the risk for CKD and ESRD did not significantly differ between TDF-treated and nontreated patients. This suggests that declining kidney function was still within the boundaries of normal function.
Other Consequences of TDFInduced Kidney Injury Vitamin D deficiency is very common among HIV-infected patients. 43, 44 TDF-induced impairment of tubular function leads to decreased 1-a hydroxylation of vitamin D and to lower tubular reabsorption of vitamin D-binding protein. 2 TDF-induced secondary hyperparathyroidism has been described in vitamin D-deficient patients. [44] [45] [46] Hypophosphatemia, osteomalacia, bone pain, decreased bone mineralization, and bone fractures have also been described in patients prescribed TDF. 16, [47] [48] [49] Because bone mineral diseases are quite common among HIV-infected patients and have many possible causes, it is hard to conclude whether these complications are a direct consequence of TDF. In a meta-analysis regarding bone consequences of TDF treatment, the risk of fracture, the bone mineral density, and the incidence of hypophosphoremia could be analyzed in three studies that included 1111, 1224, or 1402 patients, respectively. 26 These three criteria did not differ between TDF-treated and nontreated patients.
Finally, five cases of lactic acidosis, four of which were lethal, have been described in TDF-treated patients. [50] [51] [52] [53] [54] [55] In each case, a drug with a favoring role was co-prescribed: abacavir, DDI, or metformin.
CLINICAL AND HISTOLOGIC DESCRIPTION OF TDF-INDUCED TUBULAR DAMAGE
In a retrospective study of 13 cases of TDF-induced tubulopathy, no ethnic or sex predominance was noted. 56 The mean patient age was 51 years, and the patients had been treated from 1 month to 8 years when AKI occurred. This highlights the importance of unidentified triggering factors. AKI was noted in 66% of the cases, and 15% of the patients presented with anuria. Dialysis treatment was transiently necessary in one third of the patients. Proteinuria was noted in all the cases, ranging from 1 to 2 g/24 hours. Conversely, hematuria was unusual (15% of the cases).
Histologic examination mainly revealed acute tubular necrosis, primarily affecting proximal tubules. Tubular ectasia, cytoplasmic simplification, prominent nucleoli, and loss of brush border indicated a toxic origin. The only sign of TDF-specific toxicity was giant mitochondria visible as prominent eosinophilic inclusions in the cytoplasm of proximal tubular epithelial cells.
Electron microscopy revealed abnormal mitochondria in almost all cases (Figure 1 ). Some were greatly increased in size, while others appeared shrunken. They were usually grouped within the cell. Some epithelial cells showed marked mitochondrial depletion. Mitochondrial cristae could be absent or less abundant than normal, sometimes grouped at one pole of the mitochondria.
PATHOPHYSIOLOGY OF TDF-INDUCED DAMAGE
TDF can be toxic to mitochondria. This is supported by ultrastructural mitochondrial abnormalities found in TDF-induced tubulopathy. 56 Kidney mitochondrial DNA (mtDNA) content was also depleted, and dysfunction in the oxidative respiratory chain has been noted in animal models. 57 The following scheme is currently used to explain TDF-induced kidney damages (Figure 2 ). Unmodified TDF is excreted in the urine both by glomerular filtration and tubular secretion. 58, 59 To be secreted, TDF enters the epithelial cell at its basolateral pole using human organic anion transporter (hOAT) 1 60 and to a lesser extend hOAT3. 61 It is then secreted in the tubular lumen through multidrug resistance protein (MRP) 2, 62 MRP4, 60 and possibly MRP3. 63 When plasma concentration increases, or when apical secretion is inhibited, intracellular concentration of TDF increases. 60 This results in partial inhibition of mtDNA polymerase g, 64 depletion in mtDNA, 60, 65, 66 and oxidative respiratory chain dysfunction. 66 Mitochondrial structural changes are induced in proximal tubular epithelial cells. 56, 66 Because of a shortage of ATP production, tubular cells cannot properly ensure reabsorption of ions and small molecules, such as potassium, glucose, phosphate, uric acid, amino acids, and b 2 -microglobulin. Therefore, these molecules are secreted in abnormal quantities in the urine, defining the Fanconi syndrome.
It is possible that mitochondrial abnormalities induce apoptosis of epithelial cells through the caspase pathway, as it is the case with cidofovir, a very closely related drug. 67 This would explain the acute tubular necrosis.
Hypophosphatemia could have a dual origin: decreased proximal reabsorption of phosphate and decreased vitamin D activation. Interestingly, fibroblast growth factor-23 concentrations seem to be normal in TDF-induced hypophosphatemic osteomalacia. 68 TDF treatment decreases aquaporin-2 expression in epithelial cells along the medullary collecting ducts. 58, 69 The resulting deficit of water reabsorption could explain the nephrogenic diabetes insipidus that is sometime associated with TDF-induced Fanconi syndrome.
INCIDENCE AND RISK FACTORS FOR TDF NEPHROTOXICITY
Incidence of AKI after initiation of TDF treatment greatly varies: from 1.6 per 100 person-years 28,33 to 1.5 per 1000 personyears, 6 again illustrating inconsistency in the literature on the subject.
Risk factors for AKI include older age (odds ratio, 1.05 per year; P=0.02), CD4 cell count (odds ratio, 0.46 for each additional 50 CD4 cells/mm 3 ; P,0.001), weight (odds ratio, 0.96 for each additional kilogram; P,0.001), prescription of a nephrotoxic drug at the same time as TDF (odds ratio, 2.40; P=0.03), 6 male sex, hepatitis C virus co-infection, and advanced HIV disease. 33 Two studies indicate that kidney damage risk (acute tubular dysfunction 70 or chronic decline of GFR 71 ) increases with TDF trough levels. The links between trough levels and nephrotoxicity need to be more thoroughly studied because they might help to generate management recommendations in case of TDF nephrotoxicity.
A Japanese retrospective study of 493 patients treated with TDF reported an unusually high incidence of declining chronic kidney function: 10.5 per 100 patient-years. 72 The main risk factor identified in this study was a lower body weight.
The possible role of DDI and lopinavir in TDF nephrotoxicity is unclear. These two ARTs are often associated with TDF in cases of Fanconi syndrome. 24, 73 Kidney function decline was more frequent (odds ratio, 3.1) 74 and more pronounced (14.7 versus 4.7 ml/min per 1.72 m 2 per year) 75 in TDF-treated patients also receiving DDI or a boosted PI, respectively.
TDF excretion in the urinary lumen through MRP4 is partly inhibited by ritonavir and lopinavir. 76 This may result in a decreased clearance of TDF 77 and its cytoplasmic accumulation in epithelial tubular cells. DDI also induces mitochondrial toxicity, which could exacerbate TDF-induced mitochondrial damage. 66 Yet, these observations are challenged by clinical 78, 79 and pharmacologic 76, 80 studies.
Genetic background is also probably involved in certain cases of TDF tubular toxicity. Two studies showed that polymorphisms in the MRP2 gene were associated with a five to six times higher risk of tubular toxicity. 62, 81 MRP4 polymorphisms could also regulate TDF intracellular concentration. 82 
TDF NEPHROTOXICITY: HOW TO RECONCILE CLINICAL TRIALS AND OBSERVED CASES
The difference between the abundance of tubular injuries described in the literature and good tolerance found in clinical trials can be explained by several observations. First, Fanconi syndrome can occur without any increase in serum creatinine. Tubulopathy is a diagnosis that requires very specific analyses, which are not always performed in RCTs. TDF-induced kidney failure is therefore probably less frequent than TDF-induced tubulopathy. Second, creatinine is a late marker of kidney dysfunction and usually does not increase before GFR decreases to 60 ml/min per 1.72 m DDI and boosted PIs might also play a role in TDF nephrotoxicity. If these drugs Figure 2 . Cytoplasmic accumulation of TDF is responsible for mDNA depletion and oxidative respiratory chain dysfunction resulting in epithelial cell apoptosis. TDF enters tubular epithelial cells through hOAT1 and hOAT3 receptor at the basolateral pole. It is excreted in tubular lumen through receptors MRP2 and MRP4. TDF intracellular concentrations can be modified by drugs that specifically inhibit these receptors. Once inside a mitochondrion, TDF inhibits DNA polymerase g, which results in a progressive depletion of mitochondrial DNA, a decreased synthesis of respiratory chain proteins and morphologic abnormalities of mitochondria (enlargement, loss of cristae). Some respiratory chain protein are released in the cytoplasm which can be detected by the caspase pathway and induce apoptosis of the cell. Polg, DNA polymerase g; CytC, cytochrome C; NSAID, nonsteroid antiinflammatory drug.
were very commonly associated in cohorts reporting numerous cases of nephrotoxicity, this high-risk combination was usually not prescribed in RCTs, where TDF is prescribed with efavirenz (a non-nucleoside reverse transcriptase inhibitor).
Patients with possible risk factors, such as CKD or very low body weight, are commonly excluded from RCTs in favor of highly selected, homogenous patients.
The most important issue is that two very distinct categories of kidney disease risk in HIV-infected patients need to be recognized ( Table 2 ). There are patients whose kidney risk stems from HIV itself; their kidney function is altered directly or indirectly by HIV. For these patients, a cART including TDF will most often be beneficial to the kidneys because of its high antiviral activity. This is the case when TDF is prescribed as part of a first-line ART. These patients are preferentially selected to participate in RCTs. The other category consists of HIV-infected patients whose kidney risk does not depend on HIV. These patients have controlled HIV disease thanks to a long period of previous ART. Their kidney risk is the consequence of many causes, such as age, diabetes, previous CKD, history of nephrotoxic exposure, and high cardiovascular risk due to chronic HIV infection and its longterm treatment. These patients are probably more exposed to TDF-induced decline in chronic kidney function. They are probably over-represented in cohort studies and absent from RCTs. It may very well be because of differences in patient recruitment that cohort studies and RCTs come to opposite conclusions.
RECOMMENDATIONS FOR A WISE PRESCRIPTION OF TDF
The Infectious Diseases Society of America has published official recommendations about tenofovir use. 83 It advises screening for kidney abnormalities in all patients recently diagnosed with HIV infection. The screening should consist of measuring BP and serum creatinine and looking for proteinuria with the use of a dipstick. GFR should be estimated using serum creatinine. Furthermore, the Society recommends measuring serum creatinine, serum phosphate, proteinuria, and glycosuria twice a year in all patients who are prescribed TDF and who have an eGFR ,90 ml/min per 1.72 m 2 at the introduction of TDF treatment, are prescribed other potentially nephrotoxic drugs or a ritonavir-boosted PI, or have a highrisk profile for kidney disease, especially hypertensive and diabetic patients.
The European Association for the Study of the Liver has very recently published guidelines on TDF monitoring in patients infected with HBV. 84 Before TDF initiation, it recommends measuring serum creatinine and estimating GFR. High-risk patients are those with decompensated cirrhosis, creatinine clearance ,60 ml/min, high BP, proteinuria, diabetes mellitus, GN, organ transplant, and concomitant nephrotoxic drugs. The Association recommends testing for serum creatinine, estimating GFR, and measuring serum phosphate in all TDF-treated patients every 1-3 months during the first year and every 3-6 months thereafter depending on the patient's kidney risk profile. It is probably safer to avoid prescribing DDI in patients receiving TDF.
The management of TDF-induced kidney injury is unclear. In case of acute kidney failure, because of the higher risk of long-term declining kidney function, it is probably safer to withdraw and contraindicate prescription of TDF, unless some favoring cause has been clearly identified and corrected, such as withdrawal of another prescribed nephrotoxic drug. The use of trough levels to prevent AKI or to adapt TDF dose in case of AKI has not been determined. In case of hypophosphatemia, the first measure is to search for and correct potential vitamin D deficiency, a very common condition in HIV-infected patients. 85 If hypophosphatemia persists even after vitamin D storage has been reconstituted, a search for Fanconi syndrome should be undertaken. In the case of Fanconi syndrome, TDF should be withdrawn. If hypophosphatemia is isolated and moderate, risks of TDF prescription should be balanced against its benefits. On the one hand, the risk of bone mineral disease should be assessed (bone pain, fracture risk, bone mineral density). On the other hand, therapeutic options other than TDF should be considered.
No specific recommendations have been published for TDF-treated patients whose kidney function progressively declines. General management applies, and usual factors for CKD progression should be corrected if possible, with a special search for co-prescription of other nephrotoxic drugs. Nonsteroidal anti-inflammatory drugs, 86 vancomycin, 87 and metformin 55 have been described as potentially nephrotoxic when prescribed with TDF. When these conditions have been treated, if CKD continues to progress, the decision to decrease TDF dose or to withdraw TDF treatment will need to be considered. No available data indicate whether a TDF dose reduction can slow declining of kidney function while maintaining proper control over HIV replication.
CONCLUSION
TDF is already contained in Atripla and Complera, the first medications available as a single pill taken once a day for combined antiretroviral therapy that complies with international recommendations. Stribild, the only once-a-day pill that contains an integrase inhibitor, has recently been approved by the FDA. It is very likely that Stribild will be a highly successful therapy. TDF is recommended as part of first-choice therapy in many African countries, where HIV prevalence is quite high. It is also recommended as part of first-line therapy in the very recently published guidelines of the International Antiviral Society-USA panel. 88 Therefore, TDF will probably be prescribed to numerous patients for a prolonged period. The question of its long-term nephrotoxicity is of utmost importance. It is possible to significantly reduce this risk by observing simple rules, such as measuring kidney function carefully and assessing kidney disease risk before prescription. Long-term kidney safety of TDF still needs to be assessed in real-life prospective cohorts.
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